Starch branching enzyme (SBE) catalyzes the cleavage of -1.4-linkages and the subsequent transfer of -1.4 glucan to form an -1.6 branch point in amylopectin. We overproduced rice branching enzyme I (BEI) in Escherichia coli cells, and the resulting enzyme (rBEI) was characterized with respect to biochemical and crystallographic properties. Specific activities were calculated to be 20.8 units/mg and 2.5 units/mg respectively when amylose and amylopectin were used as substrates. Site-directed mutations of Tyr235, Asp270, His275, Arg342, Asp344, Glu399, and His467 conserved in the -amylase family enzymes drastically reduced catalytic activity of rBEI. This result suggests that the structures of BEI and the other -amylase family enzymes are similar and that they share common catalytic mechanisms. Crystals of rBEI were grown under appropriate conditions and the crystals diffracted to a resolution of 3.0 Å on a synchrotron X-ray source.
Since branching enzyme (BE) is the sole enzyme that catalyzes the formation of -1.6-glucosidic linkages of branch points, this enzyme plays an important role in the determination of the structure of starch in plants and of glycogen in animals and bacteria. Mutations in starch BE (SBE) genes are known to alter the morphology and physical behavior of endosperm starch granules, [1] [2] [3] [4] and those in glycogen-BE (GBE) genes cause an accumulation of insoluble glycogen in the cells, which is known as glycogen storage disease type IV (GSD IV). [5] [6] [7] BE is classified into the -amylase family, typified by -amylase and related enzymes, such as isoamylase, cyclodextrin glycosyltransferase (CGTase), and pullulanase.
8) The best-characterized BE is a GBE from Escherichia coli. The three-dimensional structure of the N-terminal truncated form (N113BE) has been analyzed at 2.3 Å resolution.
9) The enzyme consists of three major domains, an N-terminal seven-stranded -sandwich domain, a central =-barrel domain, and a C-terminal domain, the structures of which are shared with isoamylase. 9) In addition, biochemical data on the E. coli GBE as well as from crystal structural analyses of apo-and substrate-bound -amylase and CGTase have mapped amino acid residues involved in the catalytic reaction; the key active site residues include Tyr300, Asp335, His340, Arg403, Asp405, Glu458, His525, and Asp526 in the central =-barrel domain in the E. coli GBE. 10, 11) Particularly, Asp405 saves as a nucleophile in the reaction, while Glu458 is responsible for the protonations and deprotonations necessary on the leaving group and attacking oxygen. 12, 13) Several SBEs have been identified in a variety of plants, including cereal endosperms, [14] [15] [16] [17] pea embryo, 18) and potato tuber, 19, 20) and they have been characterized in terms of biochemical and genetic properties. These studies classified SBEs primarily into two groups, historically designated BEI and BEII in cereals 14) and type B and type A in legumes and tubers. 21) The enzymes of the two groups exhibit distinct enzymatic properties; the enzymes in family A (BEII) show less affinity for amylose and preferentially transfer shorter chains than those in family B (BEI). 18, 20, 22) Analysis of chimeric enzymes from the maize BEs has revealed that the C-terminal region might be involved in determining substrate specificity and also catalytic efficiency, while the N-terminal region plays a role in the size of y To whom correspondence should be addressed. Tel/Fax: +81-92-642-2853; E-mail: mkimura@agr.kyushu-u.ac.jp Abbreviations: APTS, 1-aminopyrene-3,6,8-trisulfonic acid trisodium salt; BE, branching enzyme; CGTase, cyclodextrin glycosyltransferase; CD, circular dichroism; DP, degree of polymerization; GBE, glycogen branching enzyme; PEG, polyethylene glycol; PMSF, phenylmethanesulfonyl fluoride; rBEI, recombinant branching enzyme I from rice; SBE, starch branching enzyme oligosaccharide chain transferred.
23) It has further been reported that the N-terminal region of the kidney bean BE is essential for maximum enzymatic activity and thermostability. 24) In rice endosperm, there are three isozymes of branching enzymes, BEI, BEIIa, and BEIIb, which are encoded by distinct genes (for a review, see ref. 1). It is known that BEI and BEIIb are specifically expressed in the endosperm, 16, 25) while BEIIa is present in every tissue, 25, 26) suggesting a distinct physiological role in rice. Satoh and co-workers isolated starch mutants of rice lacking three individual isozymes in the endosperm. 2, 3) Biochemical analyses of deficient mutants revealed that a reduction in BEIIb leads to a specific decrease in short chains of degree of polymerization (DP) < 13, with the greatest decrease in chains of DP8-11,
2) while a lack of BEI led to the synthesis of amylopectin containing fewer intermediate-size (16 < DP < 23) and long chains (DP > 37).
3) These results strongly suggest that as in the case of maize BEs, BEI predominantly transfers less branched, longer chains with DP greater than 10, whereas BEIIb preferentially transfers highly branched, shorter glucan chains with DP 3-9. In contrast, the BEIIa-deficient mutant exhibited no significant change in the amylopectin chain profile. Perhaps, then, BEIIa supports the function of BEI and/or BEIIb in the rice endosperm.
To gain further insight into the structure-function relationship of SBEs in rice, we overproduced BEI in Escherichia coli cells, and the recombinant BEI (rBEI) was characterized with respect to biochemical and crystallographic properties. We further made use of site-directed mutagenesis to identify essential amino acid residues for catalytic activity. The results indicated that seven amino acids, Tyr235, Asp270, His275, Arg342, Asp344, Glu399, and His467, conserved in -amylase family proteins, play important roles in catalytic activity in BEI.
Materials and Methods
Materials. Restriction enzymes were purchased from MBI Fermentas (Ontario, Canada). The plasmid vectors used were pGEMÔ-T EASY and pET-22b from Promega (Madison, WI) and Novagen (Darmstadt, Germany), respectively. E. coli strain JM109 was used as a host for cloning. E. coli strain BL21 Codon Plus (DE3) RIL (Stratagene, La Jolla, CA) was used as the host for the expression of recombinant proteins. A fulllength cDNA (accession ID, AK068920) encoding BEI from Oryza sativa L was purchased from the Rice Genome Resource Center (Tsukuba, Japan). Amylose (Type III) and amylopectin from potato starch were obtained from Sigma (St. Louis, MI), and 1-aminopyrene-3,6,8-trisulfonic acid trisodium salt (APTS) was obtained from Beckman Coulter (Fullerton, CA). Crystal Screen I and II, Index, PEG/ION, and Crystal Screen Lite were obtained from Hampton Research (Aliso Viejo, CA). Wizard I and II were obtained from Emerald BioSystems (Bainbridge Island, WA).
Overproduction of rBE in E. coli. The full-length cDNA (accession ID, AK068920) consisted of 3,827 nucleotides and an open reading frame encoding a precursor BEI of 820 amino acid residues (http: //cdna01.dna.affrc.go.jp/cDNA/). It should be noted that the amino acid sequence of BEI deduced from the cDNA (AK068920) differs at one position from that reported previously. 16) In a previous report, the residue at position 468 was deduced to be Asp, whereas Gly was in the cDNA sequence: a codon GAT for Asp was replaced by GGT for Gly in the cDNA (AK068920). 16) Furthermore, the cDNA (AK068920) contains a single Nde I recognition site; the internal A residue (position 1773) was replaced with C by site-directed mutagenesis to avoid restriction enzymatic scission. The cDNAs encoding precursor or mature BEI and flanked by artificial sites for Nde I and Hind III were amplified from the resulting full-length cDNA by PCR using two specific oligonucleotide primers, 5
0 -CATATGCTGTGT-CTCACCTCCTCTTCCTCC-3 0 or 5 0 -CATATGGTGA-CTGTTGTGGAGGAGGTCGAC-3 0 and 5 0 -AAGCTTT-CATTTGCAGTCTTCGTCAGAAG-3 0 , as the sense and antisense primers respectively. The amplified DNA fragments were placed under the control of the phage promoter on expression plasmid pET-22b using Nde I and Hind III restriction sites. Expression in E. coli strain BL21 Codon Plus (DE3) RIL was induced overnight with 1 mM IPTG at 20 C, as described by Studier et al.
27)
Purification of rBE. The E. coli cells were centrifuged at 5,000 rpm for 10 min at 4 C. The cell pellet was washed several times in buffer A (50 mM Tris HCl, pH 7.6, containing 5 mM EDTA and 1 mM -mercaptoethanol), and then sonicated in buffer A. After centrifugation at 35,000 rpm for 30 min at 4 C, the supernatant was applied onto a Q-Sepharose chromatography column (1:5 Â 20 cm) previously equilibrated with buffer A. Proteins were eluted from the column by a linear gradient of 0-1.0 M NaCl (400 ml). Fractions containing BE activity were pooled and concentrated by ammonium sulfate precipitation (40-50% saturation). The precipitate was dissolved in buffer A and dialyzed thoroughly against buffer B (50 mM HEPES, pH 7.6, containing 5 mM -mercaptoethanol and 1 M ammonium sulfate). The dialyzed solution was applied onto a butylToyopearl 650M column (1:5 Â 10 cm) previously equilibrated with buffer B. After the column was washed with buffer B, the proteins were eluted by a linear gradient of 1.0 M to 0 M ammonium sulfate. Fractions showing enzyme activity were dialyzed against buffer C (50 mM Tris-HCl, pH 8.0, containing 1 mM -mercaptoethanol, 1 mM PMSF, and 0.5 M NaCl) and applied onto a Superdex 200 column (1:5 Â 100 cm). Finally, the eluted fractions were pooled, dialyzed against buffer C without NaCl, and stored at À80 C until use. All purification procedures were carried out at 0-5 C. The homogeneity of the protein was examined by SDS-PAGE using a 10% acrylamide concentration and by N-terminal amino acid sequencing using a gas phase protein sequencer PSQ-1 (Shimadzu, Kyoto).
BE activity assay with starch-iodine. The iodine staining assay is based on monitoring of the decrease in absorbance of the glucan-iodine complex resulting from the branching of the substrate, amylose or amylopectin (potato type III or core respectively. 14, 22) The reaction mixtures contained, in a final volume of 200 ml, 50 mM KH 2 PO 4 (pH 7.5) and 0.1 mg of substrate. The reaction was initiated by the addition of an appropriate amount of rBEI. Incubations were performed at 30 C, and aliquots were withdrawn at several intervals between 5 and 180 min after the addition of rBEI, and terminated by heating at 95 C for 5 min. Each aliquot (100 ml) was mixed with 400 ml of 10 mM HCl and 400 ml of iodine solution (0.0125% I 2 and 0.04% KI, freshly made from a 100 Â stock solution). The absorbance was determined at 660 nm and 520 nm for the reaction mixtures containing amylose and amylopectin respectively as substrates. One unit of BE activity was defined as a decrease of one absorbance unit at 660 nm and 520 nm per min at 30 C respectively for amylose and amylopectin as substrates.
Native PAGE activity staining. Native PAGE was performed on a slab gel prepared with 5% (w/v; resolving gel) and 3.3% (w/v; stacking gel) acrylamide by a modification of the method described by Nishi et al.
2) Electrophoresis was carried out at 4 C at a constant current of 20 mA. After electrophoresis, the gel was rinsed with 20 ml of 50 mM HEPES-NaOH buffer, pH 7.4, containing 20% (v/v) glycerol for 5 min on ice. The gels were incubated for 5 to 6 h at 30 C in 20 ml of 50 mM HEPES-NaOH, pH 7.4, containing 50 mM glucose 1-phosphate, 2.5 mM adenosine 5 0 -monophosphate, 10% (v/v) glycerol, and rabbit muscle phosphorylase a (about 50 units; Sigma). The gels were placed in an iodine solution consisting of 0.1% (w/v) I 2 and 1% (w/v) KI.
Chain length profile of -polysaccharides. Analysis of the chain length distribution of debranched -polysaccharides was performed by a modification of the method of O'Shea et al. 28) as described by Nakamura, 1) using the P/ACE MDQ Carbohydrate System (Beckman Coulter, Fullerton, CA). In this analysis, starches extracted from wheat and potato, as described previously, 29) were used as substrates. In brief, 1 mg of substrate was dissolved in 100 ml of 0.5 M NaOH. This solution was neutralized by the addition of 100 ml of 1 M NaH 2 PO 4 , pH 7.6, and diluted by the addition of H 2 O to a final volume of 880 ml. The reaction was initiated by the addition of 10 mg of rBEI, and incubation was done at 30 C for 4 h. The reaction was terminated by boiling for 20 min, and then 100 ml of 1 M Na-acetate, pH 3.5, was added to the mixture. Debranching was initiated by the addition of 10 ml of isoamylase (0.1 mg/ml), and the mixture was incubated for 24 h at 30 C. After the mixture was boiled, the oligosaccharides were labeled with APTS, and then chain length distributions were determined by high-resolution fluorescence-labeled capillary electrophoresis by the P/ACE MDQ Carbohydrate System (Beckman Coulter). The peak area of a fraction of the linear chain of a specific chain length was calculated as a percentage of the total peak area up to a DP of 80.
Site-directed mutagenesis. Site-directed mutagenesis was done using a Quick mutagenesis kit (Stratagene). Mutant proteins were overproduced and purified to apparent homogeneity in the same manner as for rBE. The resulting mutants were characterized with respect to BE activity using amylose, as described above. The structural integrity of mutant proteins was evaluated by measuring their circular dichroism (CD) spectra using a JASCO J 720 spectropolarimeter at room temperature. rBE and its mutants were dissolved in 50 mM Tris-HCl, pH 8.0, containing 0.5 M NaCl, and the protein concentration was 1.0 mg/ml. The path-length of the cells used for the wavelength region 200-250 nm was 1 cm.
Crystallization and data collection. The purified rBE was concentrated to 5 mg/ml in 50 mM Tris-HCl (pH 8.0). Initial screening for crystallization conditions was performed by the sitting drop method at 20 C by mixing equal volumes of protein (1.0 ml) and reservoir solution (1.0 ml) using crystallization screening kits. The best crystals for x-ray diffraction analysis were obtained within 1 week from a solution containing 18% (w/v) polyethylene glycol (PEG) 3,350, 0.2 M NaCl, 0.1 mM Triton X-100, and 5% 2-mercaptoethanol. The crystal was transferred into a cryoprotectant solution (18% PEG 3,350, 0.2 M NaCl, 0.1 mM Triton X-100, 5% 2-mercaptoethanol, and 15% (v/v) glycerol). X-ray diffraction data were collected using the synchrotron radiation source at station BL40B2 of SPring-8, Japan. All data were integrated and scaled with HKL2000. 30) The statistics for data collection are given in Table 1 . a Values in parentheses are for the highest-resolution shell. b R merge ¼ P ðI À hIi= P hIi, where I is the intensity measurement for a given refraction and hIi is the average intensity for multiple measurements of this refraction.
Results and Discussion
Preparation of rBEI In rice endosperm, there are three isozymes of branching enzymes, BEI, BEIIa, and BEIIb; BEI and BEIIb are specifically expressed in the endosperm, while BEIIa is present in every tissue. 16, 25, 26) Figure 1 shows an amino acid sequence comparison of BEI with those of BEIIa and BEIIb as well as that of the E. coli GBE, aligned for maximum homology by CLUSTAL W. 31) Although the lengths of the four proteins differ considerably, BEI could be aligned with the other proteins by making a few deletions and insertions (Fig. 1) . In this comparison there are 107 positions, which are completely conserved in all four proteins. This comparison further showed that BEI is slightly more closely related to BEIIb, sharing 58% amino acid identity, than to BEIIa (55%), and that BEI shares 156 identical amino acids with the E. coli GBE, 22% of the residues compared. Since it is known that BEI shares a high degree of sequence identity (86%) with maize BEI, 16) the interspecific sequence similarity of BEI is higher than those of the intraspecific BE pairs within a species. This relationship indicates that divergencies of SBE isozymes in plants occurred before speciation.
It is known that BEI is initially synthesized as an 820-residues precursor and then the N-terminal leader sequence (64/66 residues) necessary for transport into the amyloplast is processed, giving rise to the mature BEI, consisting of 754/756 amino acids. 16) For overproduction of BEI, we sought to overproduce the precursor form (residues 1-820) and the mature form (residues 67-820) in Escherichia coli. The individual gene fragments were amplified from the full-length cDNA (accession ID, AK068920) encoding BEI from O. sativa, and the amplified DNA fragments were placed under the control of the phage promoter on expression plasmid pET-22b. Expression in the E. coli BL21 (DE3) Codon Plus RIL strain and preparation of the lysate were done as described in ''Materials and Methods.'' Overproduction was examined by SDS-PAGE followed by activity staining, as described in ''Materials and Methods.'' The results indicated that the mature form (rBEI) was successfully overproduced in a soluble fraction, while no production of the precursor form was observed in the E. coli lysate (data not shown). Hence rBEI was further purified to apparent homogeneity by column chromatography as described in ''Materials and Methods.'' The direct sequencing of rBEI thus obtained gave a single N-terminal amino acid sequence, Val-Thr-Val-Val-Glu-Glu, indicating that the N-terminal Met was processed, giving rise to mature rBEI, whose N-terminal amino acid sequence was identical to that found in rice endosperm.
16) The yield of rBEI was about 15 mg/liter induced culture.
Characterization of rBEI rBEI was characterized with respect to its catalytic activity toward amylose and amylopectin as substrates. As shown in Fig. 2 , rBE had enzymatic activities toward amylose and amylopectin in a time-dependent manner. The specific activities of rBE toward amylose and The amino acid sequence of BEI was aligned with those of isozymes, BEIIa and BEIIb, from rice seeds and with that of E. coli GBE by CLUSTAL W. 31) A sequence alignment of amino acids from 199 to 497 in BEI with the corresponding residues in the other three proteins is shown. Identical residues in all four proteins are enclosed in boxes. The amino acid residues analyzed by site-directed mutagenesis are indicated by asterisks. amylopectin were 20.8 units/mg and 2.5 unit/mg respectively. It was further found that rBEI had optimal activity around pH 8.0 and optimal temperature around 25 C (data not shown). These properties are comparable to those of maize BEI, 23) indicating that rBEI was correctly folded into an active conformation and that it retained its activity.
In an attempt to characterize rBEI further, the chain length distribution of the debranched products was analyzed. Amylopectin and starch granules from wheat and potato were treated with rBEI and the reactions were followed by isoamylase digestion. Then the chain-length distribution of the resulting products was examined by high-resolution APTS-labeled capillary electrophoresis as described in ''Materials and Methods.'' As a control, the molecular mass distribution of the products formed after the rBEI treatment was analyzed by capillary electrophoresis. The elution profiles of the products after incubation with rBEI for 4 h revealed little change as compared with the original substrate (data not shown), indicating that rBEI catalyzes not only the cleavage of -1.4-linkages, but also the subsequent transfer of -1.4 glucan to form an -1.6 branch point in amylopectin.
As shown in Fig. 3A , after incubation of amylopectin with rBEI, and then debranching with isoamylase, the proportions of chains with 7 < DP < 12 and 27 < DP < 37 of the products were elevated, while those of chains with 13 < DP < 26 and DP > 39 were depressed. A similar pattern of changes in the chain profiles was observed in the reaction products of starch granules from wheat and potato ( Fig. 3B and C) . These results suggest that rBEI preferentially catalyzes the chain transfer of the chain length of 7-12 and 27-37 glucose units. This result is consistent with a previous study reported by Mizuno et al. 26) They overproduced rice BEs (RBE1, RBE3, and RBE4) and analyzed their chain transfer activity using amylose as a substrate; BEI transferred chains with sizes of 10 < DP < 12. 26) Similar results were reported for maize BEI 23) and potato BEI, 31) where after incubation of BEIs and subsequent debraching with isoamylase, major populations of the chain length distribution were found around DP 11-12 and 29-40. It was concluded that maize and potato BEIs catalyze chain transfer of 11-12 and 29-40 glucose units. 23, 32) However, Satoh et al. reported that when BEI is lacking in rice seeds, amylopectin contains fewer intermediate-size (16 < DP < 23) and longer chains (DP > 37) and more short chain (DP < 12).
3)
It was hence suggested that BEI preferentially transferred chains with sizes of 16-23 and more than 37 glucose units. Although we have no explanation for the discrepancy at present, it might be that BEI activity is complemented by isozymes in BEI-lacking rice seeds. Nevertheless, the present result again demonstrated that rBEI was correctly folded into an active conformation.
Essential amino acid residues
Structural and mutational analyses of the -amylase family enzymes assigned Tyr300, Asp335, His340, Arg403, Asp405, Gku458, His525, and Asp526 in the E. coli GBE as essential residues for enzymatic activity. These amino acids are completely conserved in BEI; they correspond to Tyr235, Asp270, His275, Arg342, Asp344, Glu399, His467, and Gly468 respectively. To demonstrate the involvement of these amino acids in the catalytic activity of BEI, they were individually replaced with alanine by site-directed mutagenesis. As described in ''Materials and Methods,'' the amino acid at position 468 was deduced to be Asp in a previous study, 16) whereas the corresponding residue at position 468 in the cDNA clone (AK068920) was Gly. Hence Gly468 was mutated to Asp by site-directed mutagenesis. The eight resulting mutants were purified to apparent homogeneity. The structural integrity of the mutant proteins was first evaluated by comparing their CD spectra in the farultraviolet region (200-250 nm) with that of wild-type rBE. As indicated in Fig. 4A , the CD spectra of the mutants were approximately the same as that of the wild type. The spectra of H275A, D344A, and H467A are shown as representatives in Fig. 4A . This result indicates that the backbone conformation of these mutants is almost the same as that of rBE, suggesting that replacements of amino acids with Ala do not affect the integrity of the protein structure.
The catalytic activity of the mutants was evaluated with amylose as substrate. As Fig. 4B shows, mutants H275A, D344A, E399A, and H467A, in which His275, Asp344, Glu399, and His467 in BEI were changed to Ala, respectively, were virtually inactive against amylose. It is therefore likely that Asp344 and Glu399 in BEI serve as a nucleophile and an acid/base catalyst respectively in the catalytic reaction, as catalytic Asp405 and Glu458 do in E. coli glycogen BE. In addition, it has been reported that His140 is responsible for distortion of Absorbance of the starch-iodine complex after the incubation of amylose substrate measured at 660 nm or amylopectin substrate measured at 520 nm for different periods of time with rBEI in 50 mM phosphate buffer. The absorbance of the control samples without the enzyme (set to 100%) was 1.09 for the amylose substrate and 0.53 for the amylopectin substrate. The enzymatic activities were shown by a solid line and a broken line for amylose (Type III) and amylopectin respectively. the sugar ring in the catalytic subsite (À1), while His327 is involved in stabilization of the partial negative charge on the 2 atom in the sugar located at the catalytic subsite (À1).
12) Hence His275 and His467 in BEI, as in the cases of His140 and His327 in CGTase, are probably involved in the distortion and stabilization of the sugar ring located in the catalytic subsite (À1) in the catalytic reaction by BEI. As Fig. 4B further indicates, sitedirected mutagenesis of Tyr235, Asp270, and Arg342 drastically reduced the catalytic activity (10%-15%), as compared with that of BEI, indicating that these residues are involved in the enzymatic activity in BEI.
Since the two mutants, Y235A and R342A, retained slight enzymatic activity, they were further characterized with respect to the chain-length profile of their digests using amylopectin as a substrate (Fig. 5) . The results revealed that the two mutants produced similar chain length profiles slightly distinct from that obtained for the wild-type rBEI. Namely, the proportions of chains with 4 < DP < 19 of the products increased with the greatest increase in the chain of DP 6, while those of chains with DP > 20 decreased. Thus the two mutants transferred a broad size of the chain lengths as compared with the wild-type. Crystallographic analysis of CGTase showed that Tyr100 and Arg227, which correspond to Tyr235 and Arg342 respectively in BEI are involved in binding to the glucose ring at subsite À1. 12) Given that Tyr235 and Arg342 might play a role largely identical to that of the corresponding residues in CGTase, mutations of Tyr235 and Arg342 might influence the interaction with amylopectin at subsite À1, thereby decreasing the catalytic activity and also widening the chain-length specificity. In other words, the amino acids at subsite À1 might play a role in chain-length specificity in BEI. Further biochemical and structural analysis on rBEI as well as on the mutants should give the structural basis for the substrate specificity of BEI.
In contrast, mutation of Gly458 with Asp had little influence on enzymatic activity (94%), indicating that Asp at position 458 is not necessarily involved in the catalytic activity of BEI. It has been explained that the corresponding residue Asp328 in CGTase plays an important role in the catalytic reaction by hydrogen bonding to the OH2 hydroxyl in the sugar ring located at the subsite (À1). 12) Hence, BE appears to catalyze a reaction in a manner slightly different from that by CGTase. Nevertheless, the present results indicate that seven amino acids, Tyr235, Asp270, His275, Arg342, Asp344, Glu399, and His467, conserved in -amylase family proteins play important roles in catalytic activity in BEI in rice. It was further suggested that rice BEI might shares a common catalytic mechanism with theamylase family enzymes, and that the -amylase domain in BEI might fold into an (=) barrel domain similar to those of -amylase family enzymes, though further biochemical and structural studies are required for a full understanding of the catalytic mechanism of BEI.
Crystallographic analysis
In order to gain structural information, rBE was concentrated to 5 mg/ml in 50 mM Tris-HCl, pH 8.0, containing 1 mM -mercaptoethanol and 1 mM PMSF, and crystallization was carried out at 20 C by sittingdrop vapor diffusion. The amorphous crystals were first grown under 50 mM Tris HCl, pH 8.0, containing 20% PEG 3350 and 0.2 M NaCl. Thus crystallization was optimized on the basis of the condition through hangingdrop vapor diffusion. A cluster of the crystals was grown from 50 mM Tris HCl, pH 8.0, containing 18% PEG 3350, 0.2 M NaCl, and 0.1 mM Triton X-100. To obtain crystals suitable for X-ray analysis, crystallization was further optimized by hanging-drop vapor diffusion. The best crystal of rBE was grown at 20 C from 50 mM Tris HCl, pH 8.0, containing 18% PEG 3350, 0.2 M NaCl, 0.1 mM Triton X-100, and 5% 2-mercaptoethanol, as shown in Fig. 6 . The crystals diffracted to a resolution of 3.0 Å on a synchrotron x-ray source. The crystal belongs to the space group P2 1 2 1 2 1 and the unit cell axes are a ¼ 44:62 Å , b ¼ 78:84 Å , c ¼ 210:30 Å . There is one molecule in the asymmetric unit, with a solvent content of 40.4% and a V M value of 2.06 Å 3 Da À1 , which is in the range of common protein crystals. In this study, we made an attempt to solve the structure by the molecular replacement method using the E. coli GBE structure 9) as a search model with the program MOLREP. 33) This attempt was, however, unsuccessful, presumably due to a low sequence similarity between BEI and the E. coli GBE. Crystal structure analysis of the selenomethjionine derivative for rBEI by multiwave-length anomalous diffraction is currently in progress. This work should pave the way for elucidation of the structure-function relationship of starch branching enzymes. A, CD spectra of rBEI and its mutants. Proteins (1.0 mg/ml) were dissolved in 50 mM Tris-HCl, pH 7.6, containing 0.2 M NaCl, and the CD spectrum was measured in the far-ultraviolet region with a JASCO-J 720 spectropolarimeter at room temperature. The CD spectra of the wild type, H275A, D344A, and H467A are indicated by a thick line, a broken thick line, a broken thin line and a thin line respectively. B, Relative enzymatic activities due to rBEI and its mutants were expressed with that of wild-type rBEI as 100. The experiments were carried out at least in triplicate, and the mean values are presented. supported in part by a grant from Research for Promoting Technological Seeds of Japan Science and Technology Agency, Japan. The chain length profiles for Y235A (A) and R342A (B) were analyzed as described in ''Materials and Methods'' using amylopectin as a substrate. Figures are presented as in Fig. 3 . Fig. 6 . Crystals of rBEI.
Purified rBE was concentrated to 5 mg/ml in 50 mM Tris-HCl (pH 8.0), and crystallization was done by the sitting drop method at 20 C by mixing equal volumes of protein (1.0 ml) and reservoir solution (1.0 ml), using crystallization screening kits. Crystal grown from 50 mM Tris HCl, pH 8.0, containing 18% PEG 3350, 0.2 M NaCl, 0.1 mM Triton X-100, and 5% 2-mercaptoethanol, is shown.
